ABSTRACT: The utilization of diallel crosses for identification of superior combinations is a common practice in maize (Zea mays L.) breeding programs. This methodology allows the estimation of the combining ability of genotypes being evaluated. In this work, five inbred lines were evaluated as to their general (GCA) and specific (SCA) combining abilities, by using a complete diallel scheme. The single-crosses produced between these inbred lines were evaluated in seven environments, along with two checks, by using a randomized complete block design. Traits analized were: grain yield, plant height, ear height, ear placement, and prolificacy. A diallel analysis was carried out, following an adaptation of Griffing's method IV, in addition to hybrid stability and adaptability analyses. Significant differences were detected for entries and environments for all traits. The interaction genotype vs. environment was significant for all traits. GCA's were significant for all traits, while SCA's were non-significant only for ear placement. For grain yield, both additive (GCA) and non-additive (SCA) effects were important, while for the remaining traits additive effects were more important. The high yielding single-cross was obtained from the cross of lines L-08-05F and L-38-05D. Those inbred lines showed higher GCA's and their cross also had high SCA; also, it is responsive to environment improvements and reasonably stable. The second in rank high yielding single-cross, L-46-10D x L-08-05F, showed wide adaptability and stability. Key words: diallel crosses, genotype vs. environment interaction, grain yield, adaptability
INTRODUCTION
In addition to being an economically important crop, maize has genetic characteristics that allowed this species to be widely studied, thus contributing for an understanding of many questions of a genetic nature. Given the great economic importance of maize, genetic breeding in this crop is very intense, and mostly targeted at increasing grain yield. As with most crops, most of the traits in maize have a quantitative inheritance . Thus, breeders have dedicated a great deal of effort in developing superior cultivars available to producers.
A very frequently method used in maize breeding is to obtain inbred lines that are later crossed in order to develop single-crosses, in which exhibit high heterosis when the inbred lines are complementary, and also have high uniformity in the farms.
Scientia Agricola, v.60, n.1, p.83-89, Jan./Mar. 2003 The performance of a hybrid is related to the general (GCA) and specific (SCA) combining abilities of the inbred lines involved in the cross (Sprague & Tatum, 1942) . GCA is associated with additive effects of the genes, while SCA is related to dominance and epistatic effects (non-additive effects) of the genes. However, Rojas & Sprague (1952) verified that the variance of SCA also contains deviations due to the interaction between genotypes and environments, in addition to those that come from dominance and epistasis. The estimates of general (GCA) and specific (SCA) combining abilities of a group of inbred lines are obtained from the analysis of diallel crosses.
The study of stability and adaptability of genotypes evaluated under different environments is also very important for maize breeding programs (Vencovsky & Barriga, 1992) . However, papers that try to link combining ability studies, using diallel crosses, to the performance analysis of these crosses when evaluated under different environments, by means of their adaptability and stability, are uncommon. Within this context, the objectives of this paper were to estimate, respectively, the general and specific combining abilities of five inbred lines of maize and their single-crosses, and to study the stability and adaptability of these crosses evaluated in seven environments.
MATERIAL AND METHODS
This project was carried out based on five maize inbred lines from the Maize Genetic Breeding Program of the Department of Genetics at Escola Superior de Agricultura "Luiz de Queiroz"/USP. The lines were: L-38-05D: is a yellow dent kernels inbred line extracted from the single-cross used as female for the commercial double-cross BR-201; L-46-10D: is a yellow dent kernels inbred line extracted from the BR-201; L-49-02D: is a yellow dent kernels inbred line extracted from the cross between populations BR-105 and BR-106; L-08-05F: is a orange flint kernels inbred line extracted from population IG1; L-36-07F: is a orange flint kernels inbred line extracted from the single-cross used as female for the commercial double-cross BR-201 .The ten singlecrosses possible from the crosses of these lines were obtained, following a complete diallel scheme; reciprocal crosses were not included.
The single-crosses and two commercial hybrids, AG-9012 and Z-8452 as checks, were evaluated in experiments conducted in seven environments, during the 97/98 and 98/99 cropping seasons, according to a randomized complete block design (Steel & Torrie, 1980 . Prolificacy (PROL) was determined by the mean number of ears per plant, i.e., PROL = NE/ST, and ear placement (EP) was computed by the ratio EP = EH/PH.
For each trait, individual analyses of variance were computed per environment, following the randomized complete block design, from which the joint analyses were obtained. The GY variable was corrected for average stand, considering stand as a covariate in the analyses of variance (Vencovsky & Barriga, 1992) . The different combinations between years and locations were considered as distinct environments, totaling seven environments. Tukey tests were performed between adjusted means of entries from the joint analysis. The diallel analyses were performed using an adaptation of Griffing's method IV (Griffing, 1956 ) for a complete diallel evaluated in several environments (Ferreira et al., 1993) . This methodology is based in the following mathematical model:
for i < j, where: Y ijk is the mean for cross i × j, evaluated in k environments; m is the general mean; l k is the effect of the k-th environment; g i and g j are the effects of the general combining abilities of lines i and j, respectively; s ij is the specific combining ability between lines i and j; ijk e is the mean error associated with observation Y ijk ; the remaining parameters correspond to the interactions of the main effects with the environments. The diallel analyses were performed with the Mapgen software (Ferreira, 1999) .
Many methodologies have been proposed to evaluate adaptability and stability of genotypes, such as those mentioned by Vencovsky & Barriga (1992) , Cruz & Regazzi (1994) , Rosse (1999) , and Rosse et al. (2002) . In this study, the evaluation of hybrid stability and adaptability for grain yield was carried out according to Eberhart & Russell (1966) methodology, which is based on the linear regression model:
where Y ijk is the mean of the hybrid between lines i and j; ij 0 β is the general mean of the hybrid between lines i and j; ij 1 β is the linear regression coefficient, which measures the response of the hybrid between lines i and j, relative to the environmental variation; l k is the environment index; ijk δ measures the regression deviations; and ijk e is the environmental mean error. The coefficient of determination for the linear model was also estimated to identify the most stable genotypes (Cruz & Regazzi, 1994) .
RESULTS AND DISCUSSION

Analyses of variance
There were significant differences in the individual analyses of variances (data not shown), for entries for all traits both in environments 1 and 2. In addition, there were significant differences for grain yield (GY), prolificacy (PROL) and plant height (PH) in environments 3 and 7, and for GY, ear placement (EP), and PROL in environment 6, while in environments 4 and 5 no differences for entries were detected for the traits evaluated. Three replications were used in these two environments, which must have contributed to decrease the precision of estimates and increase the residual mean square, consequently reducing the power of the F test in detecting differences between entries. In the environments where five replications were used, the coefficients of variation (CVs) ranged from 11.71% to 17.16% for GY; from 4.42% to 5.61% for EP; from 10.47% to 16.12% for PROL; from 5.29% to 8.80% for EH; and from 3.66% to 4.64% for PH. In environments 4 and 5, in which three replications were used, the CVs were, respectively, 14.60% and 25.95% for GY; 14.35% and 15.80% for EP; 12.34% and 16.47% for PROL; 14.74% and 11.45% for EH; and 7.49% and 11.09% for PH. In the experiments evaluated with a smaller number of replications, a lower experimental precision was obtained, as expected. Even though the CV estimates in those experiments were high, they fall within the limits found in the literature, hence they did not compromise the utilization of the experiments in the analyses.
In the joint analysis of variance the source of variation for entries was partitioned into single-crosses and checks. There were significant differences for singlecrosses and environments ( P ≤ 0.01), for all traits evaluated. The checks were different (P ≤ 0.01) only for GY and PH. There were differences in the contrast singlecrosses vs. checks (P ≤ 0.01) for traits PH and EH, and the checks means were lower than the single-crosses means. The interaction of the contrast single-crosses vs. checks per environment was non-significant for all traits evaluated, showing that this contrast were not influenced by the alterations in environmental conditions. The interaction single-crosses vs. environments were significant for all traits, except for EH, indicating that the single-crosses presented differential performance in the environments used for evaluation. The interaction checks vs. environments were significant for the traits GY and PH, thus checks also showed differential performance for these traits in the environments under study. In the joint analyses of variances, the experimental coefficients of variation (CV%) estimates were 15.52% for GY, 7.66% for EP, 14.33% for PROL, 8.41% for EH, and 5.46% for PH, all within the limits reported in the literature (Table 1) .
For the trait grain yield, the adjusted means of the single-crosses ranged from 4,938.56 kg ha -1 (L-36-07F × L-38-05D) to 8,212.95 kg ha -1 (L-08-05F × L-38-05D), and the average of all single-crosses (6,467.14kg ha (Tables 1  and 3 ).
Diallel analysis
The general combining ability (GCA) was highly significant (P ≤ 0.01) for all traits, which indicates that the inbred lines contributed differently in the crosses in which they were involved. The specific combining ability (SCA) was significant for traits GY, PH, EH and PROL, which allows us to infer that there were hybrid combinations that had a performance different from that expected only on the GCA effects. For all traits, the additive and nonadditive effects are relevant, except for EP, where SCA was non-significant. Considering the interactions, the significance of the GCA vs. environment interaction for traits GY, EP, and PROL indicates that the general combining abilities of the inbred lines were altered by the environmental conditions the hybrids were submitted to. On the other hand, the interaction SCA vs. environment was non-significant for all traits, which allows us to infer that the specific hybrid combinations were stable across environments. Thus, the additive effects interacted more with environments than the non-additive effects. The contributions from GCA and SCA to the sum of squares of single-crosses, showed that the additive effects (GCA) were more important than non-additive effects (SCA) for all traits. The GCA contributions were higher than 64%, except for GY, whose GCA contribution was approximately 56%, indicating that the additive and nonadditive effects were important for this trait ( Table 2 ). The predominance of additive over non-additive effects is relatively common for grain yield (Gama et al., 1995; Beck et al., 1990) . Eleutério et al. (1988) and Nass et al. (2000) reported that the additive and dominance effects for GY had similar magnitudes. The predominance of GCA verified in this study for all traits can be explained by the fact that the inbred lines utilized were selected for both per se and testcross performance, which is directly associated with additive effects. The general combining ability (GCA) estimates for grain yield ranged from -1,013.49 kg ha -1 (L-36-07F) to 686.61 kg ha -1 (L-08-05F), while the specific combining ability (SCA) estimates ranged from -1,319.92 kg ha -1 (L-49-02D × L-08-05F) to 737.42 kg ha -1 (L-49-02D × L-36-07F), and all estimates were significant, except for crosses L-46-10D × L-49-02D and L-46-10D × L-38-05D. The highest yielding single-cross (L-38-05D × L-08-05F) showed high SCA value, and the lines involved in this cross exhibited the highest GCA values. At least part of the genes associated with this trait have dominance genic action, and the inbred lines involved in this cross are genetically divergent among themselves, which was expected, since they belong to distinct heterotic groups. Then, the high SCA value of this cross along with positive and high GCA values from its inbred lines, afforded this single-cross to be the highest yielding in this set. Thus, both additive and non-additive effects (dominance and epistasis) contributed for the high productivity of this single-cross, which was also more productive than the superior commercial hybrid (Z-8452) (Table 3) . Melo (2000) , using commercial hybrids as parents in a 10 × 10 diallel, verified that 62% of the most productive hybrids showed significant and positive SCAs.
The general combining estimates for the trait plant height ranged from -7.24 cm plant -1 (L-46-10D) to 5.43 cm plant -1 (L-38-05D). Except for the inbred line L-08-05F, the GCA effects were all significant. Lines L-49-02D and L-46-10D contributed toward reducing plant size, which is desirable, while lines L-36-07F and L-38-05D, contributed to increase plant height. The specific combining estimates ranged from -5.67 cm plant -1 (L-36-07F × L-46-10D) to 3.78 cm plant -1 (L-46-10D × L-49-02D), and both were significant. The general combining ability estimates for ear height ranged from -2.89 cm plant -1 (L-46-10D) to 4.18 cm plant -1 (L-08-05F). Line L-49-02D also showed a negative GCA for EH. The specific combining ability estimates ranged from -4.52 cm plant
The cross L-46-10D × L-36-07F showed a negative SCA value while SCA's for the other crosses were non-significant (data not shown). For the trait ear placement, the general combining abilities ranged from -0.0111 (L-38-05D) to 0.0139 (L-08-05F), being significant only for lines L-38-05D, L-36-07F and L-08-05F. The specific combining ability of this trait ranged from -0.0080 (L-36-07F × L-38-05D) to 0.0133 (L-08-05F × L-38-05D), and only the latter one was significant (Table 4) . Ear placement trait must be maintained around 0.50, and since the means for this trait in all crosses were higher than 0.50, it is desirable that the general and specific combining abilities should contribute to reduce the mean of this trait.
The general combining ability (GCA) estimates for prolificacy were all significant and ranged from -0.0920 ears plant -1 (L-36-07F) to 0.0837 ears plant -1 (L-46-10D). The specific combining abilities estimates ranged from -0.0647 ears plant -1 (L-08-05F × L-49-02D) to 0.0468 ears plant -1 (L-38-05D × L-08-05F), both being highly significant. The inbred lines that contributed the most to increase the number of ears per plant were L-46-10D, L-38-05D, and L-08-05F, and the other two inbred lines had negative GCAs values. The crosses showing the highest positive estimates of SCA for prolificacy were L-38-05D x L-08-05F, L-36-07F x L-49-02D, and L-46-10D × L-49-02D; the three other crosses had SCA estimates different from zero, but these estimates were negative (Table 4) .
Stability and adaptability analysis
The analysis was performed only for grain yield, since this trait presents the greatest agronomical and economical importance. This analysis makes sense, since entries vs. environment interaction was highly significant (P ≤ 0.01) and, therefore, the both singlecrosses and checks showed differential performance across environments where they were evaluated.
The environmental indices ranged from -2,030.00 kg ha -1 (Palotina 98/99-E5) to 1,161.04 kg ha Stability and adaptability analysis for grain yield showed that only two crosses (L-08-05F × L-36-07F and L-08-05F × L-38-05D), and the check AG-9012, had significant regression deviations, indicating their low predictability (Table 5) × L-36-07F showed a regression coefficient significantly lower than one, indicating that this cross is adapted to unfavorable environmental conditions. Crosses L-08-05F × L-38-05D and L-49-02D × L-38-05D, as well as the check Z-8452, were responsive to improvements in environmental conditions ( β 1ij >1). The other hybrids showed broad adaptability, i.e. the regression coefficients values did not differ significantly from 1 (β 1ij =1). The two higher yielding single-crosses, L-08-05F x L-38-05D and L-46-10D × L-08-05F, had β 1ij >1 and β 1ij =1, respectively, i.e., the former was responsive to improvement in environmental conditions, while the latter showed wide adaptation. Furthermore, this last cross had a higher predictability, since the variance of regression deviations was non-significant. Even though cross L-08-05F × L-38-05D had a significant (P ≤ 0.05) variance of regression deviations, its coefficient of determination (R 2 ) was high. Therefore, both crosses should be considerable stable, since their coefficients of determination were higher than 82% (Table 5) .
Borsoi Filho (2000), evaluating inbred lines crossed with testers (testcrosses) in eight locations, verified that, within the group of most productive materials, 78% of the crosses showed wide adaptability. Based on the method by Eberhart & Russel (1956) , Schmildt (2000) verified that, from 18 high yielding hybrids, among 33 maize cultivars he evaluated in eight locations, 15 (83%) showed wide adaptability, one was stable and responsive to improvements in environmental conditions, and two were not responsive to improvement in environmental conditions. Both additive and non-additive effects were important in the genetic control of grain yield. Nass et al.(2000) ; Hallauer & Miranda Filho (1988) and Eleutério et al. (1988) reported that, for grain yield, the additive and non-additive effects contribute quite similarly for the control of this character. The inbred lines showing the greatest effects of GCA for GY, L-38-05D and L-08-05F, also showed high positive GCA effect for EH (L-08-05F) and for PH (L-38-05D), and the cross between them was the most productive and showed the second highest SCA for GY. This evidence agrees with Hallauer & Miranda Filho (1988) , which indicates a positive association between plant height and grain yield. The GCA estimates for PH and EH accounted for only 4% to the mean of these traits at most; SCA estimates also accounted for only 3% for PH and 4% for EH means, indicating that the contribution of general (GCA) and specific (SCA) combining abilities for the means of these traits were too low to be of any practical value. Table 4 -General (GCA) and specific (SCA) combining abilities for ear placement (upper diagonal), and prolificacy (lower diagonal).
ns Non significant; *P ≤ 0.05; ** P ≤ 0.01. With regard to adaptability and stability in the environments under study, the single-cross L-46-10D × L-08-05F, which ranked as the second for grain yield, showed wide adaptability and stability in the environments evaluated. On the other hand, the singlecross L-08-05F × L-38-05D, the highest yielding hybrid, was responsive to improvement in environmental conditions and, despite having a significant variance of regression deviations (P ≤ 0.05), it was stable (R 2 > 82%) under the environmental conditions in which the entries were evaluated.
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